A selective separation method based on anion exchange cartridge was developed to determine antimony (Sb) speciation in biological matrices by graphite furnace atomic absorption spectrophotometry (GFAAS). 
a b s t r a c t
A selective separation method based on anion exchange cartridge was developed to determine antimony (Sb) speciation in biological matrices by graphite furnace atomic absorption spectrophotometry (GFAAS). Published by Elsevier B.V.
Introduction
Antimony (Sb) is a toxic element and is commonly associated with sulfur minerals [1] . Total Sb concentrations in the earth's crust are 0.2-0.3 mg/kg whereas the background concentrations in surface soil are 0.02-7.01 mg/kg [2] . Sb has been used in batteries, car brake linings and in fire retardants and it is released to the environment at 38,000 tons per year from both natural and anthropogenic sources [3] . A steady increase of Sb levels in snow and ice in the Arctic and in the aerosol samples from Tokyo indicate that Sb contamination is a worldwide environmental problem [4] .
Sb is a possible carcinogen, with no known biological function [5] . It induces keratitis, dermatitis, conjunctivitis and gastritis and has been shown to cause lung cancer in rats [6] . In plants, Sb inhibits photosynthesis and decreases utilization of essential elements [7] . The toxicity of Sb largely depends on its chemical species, with inorganic species being more toxic than organic [8] and the reduced inorganic species Sb III being 10 times more toxic than the oxidized Sb V species [6] .
The amount and type of Sb taken up by plants vary with species. For example, rye takes up more Sb V than Sb III whereas wheat and rice take up more Sb III than Sb V [9, 10] . Sb in plant tissues exists as both inorganic and organic forms, with inorganic Sb being the dominant species [11, 12] . Thus, information on Sb speciation is important to understand Sb behavior in the environment as well as Sb translocation and transformation in plants.
There are several analytical techniques to analyze total Sb, such as low cost equipment graphite furnace atomic absorption spectrophotometry (GFAAS) and high cost equipment inductively coupled plasma mass spectrometry (ICP-MS). In term of Sb speciation, the commonly used analytical method couples HPLC with ICP-MS [13] . Other Sb speciation methods focus on Sb separation based on the affinity of Sb III for sulfur group (-S). For example, pyrrolidine dithiocarbamate (PDC) containing -S group has been used for Sb III separation with non-polar organic solvents such as methyl isobuthyl ketone [14] or xylene [15] . However, this technique has the disadvantage of requiring manual injection of the organic media into the graphite furnace [15] . 2 Á H 2 O, J.T. Baker) in DI water. NaOH and HCl were used for pH adjustments. All labware used in this study was washed and soaked in 1 M nitric acid for 24 h and rinsed several times with tap water followed by DI water before use.
Instrument for Sb analysis and speciation
An AA240Z Zeeman atomic absorption spectrometer, equipped with a GTA 120 graphite furnace was used together with an Agilent Technology Sb hollow cathode lamp as the light source at 10 mA. The wavelength for Sb was 217.6 nm, with peak area mode being used. The linear range was 10-150 μg/L with the slit at 0.2 nm. Partition-coated graphite tubes (Agilent Technologies) along with a programmable sample dispenser and background corrector were used. An ultra-high purity Argon gas was used as the purge gas. A 10 μL of sample and 5 μL of 500 mg/L palladium nitrate modifier solution containing 0.25% citric acid in 2.5% nitric acid were introduced with an auto-sampler. The graphite furnace temperature program for Sb determination was given in Table 1 .
In addition to GFAAS, HPLC-ICP-MS was used to verify the accuracy of the cartridge-based method in 2 mM citric acid system. A Hamilton PRP-X100 AEC column (250 Â 4.1 mm, 10 mM; Hamilton, UK) with a guard column combined with a Waters 2695 HPLC system to separate Sb species. The mobile phase consisted of 20 mM EDTA-(NH 4 ) 2 and 2 mM potassium hydrogen phthalate adjusted to pH 4.5 with ammonium hydroxide. The sample was sonicated and filtered (0.22 mm), with 50 mL being injected with a flow rate at 1.2 mL/min at 40°C. A Nexion 300X inductively coupled plasma-mass spectrometry (ICP-MS) ( 
Optimization of cartridge-based Sb separation
SPE is an extraction method common in liquid chromatography where solid and liquid phases are interacted to separate chemical compounds of interest [22] . The sorbents for SPE refer to the stationary phase used in the columns [22] . Anion exchange column such as Hamiltion PRP-X100 and Synchropak Q300 have been used for Sb speciation by HPLC [3, 23] . However, the affinity of Sb species towards the solid phase depends on Sb III complex [3] . Sb IIIcitrate complex has a higher affinity towards the solid phase than Sb V -citrate complex whereas without citrate complexing agent, the affinity of Sb V is greater than Sb III [3] .
The Sep-Pak AccellPlus QMA Plus Short cartridges used in this study was obtained from Waters (WAT020545, Milford, MA). The cartridge contains a silica-based, hydrophilic, strong anion exchanger with pore size of 300 Å, and sorbent particle size of 37-55 mm. The silica backbone in the cartridge contains quaternary ammonium group as anion-charged site and Cl À as anion ex- 
Sb Speciation in plant tissues and spent growth media
Since the As-hyperaccumulator P. vittata was efficient in Sb accumulation in the roots, it was used to test the efficiency of Sb speciation using the cartridge [24] . P. vittata was propagated from spores in our laboratory. Uniform plants with 3-4 fronds were selected and acclimatized hydroponically in 0.2X Hoagland solution (HS) with constant aeration under cool and warm fluorescent lamps (the total light intensity $200 micromoles per m 2 ) with temperature of 23-28°C and $ 70% humidity for 4 weeks. After 4 weeks of acclimatization, P. vittata were transferred to 0.5 mM CaCl 2 (pH 6) for 24 h to desorb surface nutrients from the roots. Then P. vittata was divided into 3 treatments: control (DI water), 8 mg/L Sb III , and 8 mg/L Sb V , all adjusted to pH 6. After 24 h, P.
vittata roots were washed to desorb apoplastic Sb in an ice-cold solution containing 1 mM Na 2 HPO 4 and 0.5 mM Ca(NO 3 ) 2 , pH 6 for 10 min. The plant tissues were used for Sb extraction and speciation. Plant tissues were extracted using a modified method by Okkenhaug et al. [25] with Sb extraction efficiency of 70-92% in plants [24] . Briefly, plants were harvested and washed thoroughly in DI water. They were separated into the roots and fronds, which were freeze-dried for 2 d. Dry tissues were ground with liquid nitrogen to fine powder in a ceramic mortar and freeze-dried for an additional 2 d. Powdered tissue samples ( $ 50 mg) were shaken at 100 rpm with 10 mL of 100 mM citric acid for 4 h and then sonicated at 42 kHz for 1 h (VWR DHT Ultrasonic Cleaner B3500A). The 10 mL extracts containing 100 mM citric acid were diluted 5 times to 50 mL with DI water and filtered (45 μm filter) before separation of Sb species. The samples were further diluted 10 times with DI water. At this stage, the initial citric acid concentration of 100 mM in the extracts was diluted down to 2 mM and the pH of the extracts adjusted to 6.0 by use of NaOH and/or HCl.
In addition to plant biomass, we also tested Sb speciation in spent growth media. Spent media were obtained after growing P. vittata in 0. [26] .
Cartridge-based Sb speciation in plant roots and growth media were tested. The extracted plant samples and growth media were first passed through the cartridge, which were preconditioned with Sb V , and then determined for Sb by GFAAS. To verify the accuracy of the cartridge method, the extractions from P. vittata roots treated with 8 mg/L Sb III or Sb V for 24 h were also analyzed for Sb speciation using HPLC-ICP-MS.
Results and discussion

Sb V retention on cartridge in DI water
The silica-based, hydrophilic, anion-exchange cartridge retains anionic Sb III or Sb V species via exchange with Cl À , with non-negatively charged ions being passing through the cartridge. However, the cartridge had a higher affinity to Sb V as Sb V was retained on the cartridge instead of Sb III (Fig. 1) .
To assess impact of solution pH and discarded filtrate volumes (filtrate volume required to condition the cartridge for Sb separation), solutions containing 100 mg/L Sb III or Sb V at pH 4, 6, or 8 were applied to the cartridge and Sb retained on the cartridge was determined (Fig. 1) . The pH of Sb III or Sb V solutions had little impact on Sb retention on the cartridge. As expected, Sb V was rapidly retained on the cartridge whereas Sb III gradually released after 10 mL of filtrate volume. The results showed that the cartridge had an ability to separate Sb V from Sb
III
. Further experiments on discarded filtrate volume were studied at pH 6.
Under pH 6, the cartridge required to discard 200 mL filtrate to achieve good Sb V and Sb III separation (Fig. 2A) . The amount of Sb V retained on the cartridge after passing through 250 mL solution equaled 50 mg Sb V . Thus the cartridge had an ability to retain at least 50 mg Sb V and after discarding the first 200 mL of filtrate, the cartridge effectively retained Sb V while passing Sb III ( Fig. 2A) .
The 200 mL discard volume was too much, thus effort was spent to reduce the discarded filtrate volume. Based on our data, preconditioning the cartridge with 15 mL of 1 mg/L Sb V reduced the discarded volume from 200 to 110 mL (Fig. 2B) . 
Sb III retention on cartridge in citric acid
Due to its high Sb stability and strong negative charge complex, 2 mM citric acid was used to condition the sample to better se- Sb III at 0 and 25%, 60 mL of filtrate was needed to be discarded to achieve optimal retention. So 60 mL of filtrate was discarded for Sb speciation in 2 mM citric acid (pH 6) using cartridges preconditioned with 15 mL of 1 mg/L Sb V .
Sb speciation in plant biomass and growth media
Cartridge-based Sb speciation was applied to plant biomass (P. vittata roots) and growth media, including spent 0.005X HS media after growing P. vittata for 8 d and 0.005X HS spiked with Sb (Table 3) . Sb III was 100% retained by the cartridge, but its retention dropped slightly (4-12%) in the presence of Sb V in P. vittata roots ( Table 4 ). The same samples were also analyzed using HPLC-ICP-MS. Sb speciation from HPLC-ICP-MS verified that no Sb III from P. vittata root extractions passed through (Table 4 ). Our data showed that cartridge-based Sb speciation can be used to separate Sb III from Sb V in P. vittata roots or plant growth medium.
Conclusions
This study showed the first application of a solid phase extraction using an anion exchange resin for Sb speciation in plant biomass and hydroponic growth media. The concentration of Sb V was determined by GFAAS after retention of Sb III by the cartridge. and efficient because of the availability of the cartridge and the avoidance of manual injection to a GFAAS and potential variations of self-pack resin columns. 
